Senescent cells (SnCs) are increasingly recognized as central effector cells in age-related pathologies. Extracellular vesicles (EVs) are potential cellular communication tools through which SnCs exert central effector functions in the local tissue environment. To test this hypothesis in a medical indication that could be validated clinically, we evaluated EV production from SnCs enriched from chondrocytes isolated from human arthritic cartilage. EV production increased in a dose-responsive manner as the concentration of SnCs increased. The EVs were capable of transferring senescence to nonsenescent chondrocytes and inhibited cartilage formation by non-SnCs. microRNA (miR) profiles of EVs isolated from human arthritic synovial fluid did not fully overlap with the senescent chondrocyte EV profiles. The effect of SnC clearance was tested in a murine model of posttraumatic osteoarthritis. miR and protein profiles changed after senolytic treatment but varied depending on age. In young animals, senolytic treatment altered expression of miR34a, -30c, -125a, -24, -92a, -150, and -186, and this expression correlated with cartilage production. The primary changes in EV contents in aged mice after senolytic treatment, which only reduced pain and degeneration, were immune related. In sum, EV contents found in synovial fluid may serve as a diagnostic for arthritic disease and indicator for therapeutic efficacy of senolytic treatment.
Introduction
Osteoarthritis (OA) is an age-related and posttraumatic degenerative joint disease that is accompanied by cartilage degradation, persistent pain, and impairment of mobility (1) . Senescent cells (SnCs) are a newly implicated factor in the development of OA (2) (3) (4) (5) (6) . Cellular senescence is characterized by a proliferation arrest, which protects against cancer, as well as other changes that can also contribute to aging phenotypes and pathologies (7, 8) . SnCs accumulate with age in many tissues, including articular cartilage, where they promote pathological age-related deterioration. These and other tissue pathologies are presumably mediated by the secretion of extracellular proteases, proinflammatory cytokines, chemokines, and growth factors, termed the senescence-associated secretory phenotype (SASP), by SnCs (9, 10) . The local elimination of SnCs in a murine model of posttraumatic OA (PTOA) reduced pain and increased cartilage development (4) . Bridging these results to human cells, the selective removal of senescent chondrocytes improved the cartilage-forming ability of chondrocytes isolated from human arthritic tissue. Recent findings suggest that SnCs can transmit limited senescent phenotypes to nearby cells, termed secondary or paracrine senescence (11, 12) . Understanding the mechanisms of this SnC transmission may inform mechanisms of OA disease causation.
Extracellular vesicles (EVs), including exosomes and microvesicles, are small membrane-limited particles (30 nm to 1 μm) that can participate in intercellular communication (13) . EVs mediate local tissue Senescent cells (SnCs) are increasingly recognized as central effector cells in age-related pathologies. Extracellular vesicles (EVs) are potential cellular communication tools through which SnCs exert central effector functions in the local tissue environment. To test this hypothesis in a medical indication that could be validated clinically, we evaluated EV production from SnCs enriched from chondrocytes isolated from human arthritic cartilage. EV production increased in a doseresponsive manner as the concentration of SnCs increased. The EVs were capable of transferring senescence to nonsenescent chondrocytes and inhibited cartilage formation by non-SnCs. microRNA (miR) profiles of EVs isolated from human arthritic synovial fluid did not fully overlap with the senescent chondrocyte EV profiles. The effect of SnC clearance was tested in a murine model of posttraumatic osteoarthritis. miR and protein profiles changed after senolytic treatment but varied depending on age. In young animals, senolytic treatment altered expression of miR-34a, -30c, -125a, -24, -92a, -150, and -186, and this expression correlated with cartilage production. The primary changes in EV contents in aged mice after senolytic treatment, which only reduced pain and degeneration, were immune related. In sum, EV contents found in synovial fluid may serve as a diagnostic for arthritic disease and indicator for therapeutic efficacy of senolytic treatment.
development and homeostasis through the transfer of cargoes, such as proteins and microRNAs (miRs). For example, the EVs present in articular cartilage and synovial fluid can contribute to mineralization of the cartilage extracellular matrix (ECM) and formation of an inflammatory joint environment (14) (15) (16) . Recently, it was reported that SnCs secrete more EVs compared with their nonsenescent counterparts (17, 18) . These senescent-associated EVs may also induce senescence in neighboring cells (19) . In the case of arthritis, SnCs can modulate the environment of the articular joint, increasing inflammation and ECM degradation. It is not known whether EVs secreted by SnCs in the articular joint are responsible for the progression of OA or whether they can be use as indicators of disease progression and treatment efficacy.
In this study, we found that senescent chondrocytes isolated from OA patients secrete more EVs compared with nonsenescent chondrocytes. These EVs inhibit cartilage ECM deposition by healthy chondrocytes and can induce a senescent state in nearby cells. We profiled the miR and protein content of EVs isolated from the synovial fluid of OA joints from mice with SnCs. After treatment with a molecule to remove SnCs, termed a senolytic, the composition of EV-associated miR and protein was markedly altered. The senolytic reduced OA development and enhanced chondrogenesis, and these were attributable to several specific differentially expressed miRs (miR-30c, miR-92a, miR-34a, miR-24, miR-125a, miR-150, miR-186, and miR-223) and proteins (Serpina and aggrecan). In aged animals, treatment with senolytic modulated the inflammatory response by decreasing recruitment and activation of myeloid and phagocytic cells. Collectively, these findings suggest that altered levels of synovial EV miRs and proteins are a potential mechanism by which SnCs can transfer senescence, inhibit tissue formation, and promote OA development. When isolated from synovial fluid, EVs may also be used to predict therapeutic response to senolytic therapies in the articular joint.
Results

SnCs from OA patients impair cartilage ECM production by neighboring chondrocytes through secreted factors.
To understand how senescent human chondrocytes might effect surrounding nonsenescent chondrocytes, we employed a coculture system in which cells are not in physical contact but are exposed to secreted factors. Since there are no known specific surface markers for SnCs, we sorted chondrocytes based on size (20) to isolate populations enriched in SnCs. Three relative concentrations (high, medium, low) of human senescent chondrocytes were enriched and validated by the presence of senescence-associated β-galactosidase (SA-β-Gal) activity, a marker of SnCs (21) (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.125019DS1).
To characterize the secretory phenotypes of nonsenescent and senescent chondrocytes isolated from arthritic human cartilages, we measured the levels of 36 secreted proteins using antibody arrays (Supplemental Figure 1B ). Many proteins secreted by the high-senescent cultures were previously reported SASP factors (22, 23) . These factors included growth-regulated oncogene α (GROA), IL-1A, IL-1B, and IL-6, intercellular adhesion molecule 1 (ICAM1), chemokine (C-C motif) ligand 5 (CCL5), and macrophage migration inhibitory factor (MIF). Notably, nonsenescent chondrocytes cocultured with the high-senescent chondrocyte group significantly increased expression levels of mRNAs encoding p16 INK4a (also known as cyclin-dependent kinase inhibitor 2a [CDKN2A], which is a widely used SnC biomarker) (7, 8) and the SASP factor MMP3. Coculturing nonsenescent chondrocytes with SnCs also decreased chondrogenesis, as defined by Safranin-O staining for proteoglycans and type II collagen (COL2A1) mRNA levels (Supplemental Figure 1 , C and D).
Similar to that in the coculture experiments, nonsenescent chondrocytes cultured in SnC-conditioned medium for 7 days also reduced proteoglycan production, as confirmed by Safranin-O and Alcian blue staining. They also produced a dose-dependent increase in SA-β-Gal activity (Supplemental Figure 1 , E and F). These findings indicate that SnCs from arthritic human cartilage impair the function of, and induce bystander senescence in, nonsenescent chondrocytes, both most likely through SASP factors.
EVs secreted by senescent human chondrocytes induce bystander senescence. Since SnCs were found to secrete EVs (17, 18) , we asked whether EVs secreted by senescent human chondrocytes mediated their effects on non-SnCs. We isolated vesicles with a characteristic EV diameter of ~100 nm by differential centrifugation (Supplemental Figure 2A) , as visualized by electron microscopy ( Figure 1A ). Over 95% of the vesicles recovered from cultures with increasing amounts of senescent chondrocytes were <100 nm in diameter. Quantitative nanoparticle tracking analysis (NTA) showed that populations enriched with senescent chondrocytes released significantly more EVs than nonsenescent chondrocyte populations ( Figure 1B ).
We hypothesized that EVs from SnCs might be a mechanism for the transmission of senescence characteristics to non-SnCs. To test this idea, we exposed EVs isolated from senescent human chondrocytes to nonsenescent chondrocytes. The OA-derived EVs induced a senescence-like phenotype in nonsenescent chondrocytes, as determined by SA-β-Gal activity. They also reduced proteoglycan production, as measured by Safranin-O staining (Supplemental Figure 2 , B and C).
To track EVs and their uptake by the normal cells, we labeled EVs isolated from low, medium, and high-senescent OA chondrocyte populations using the green RNA-selective nucleic acid stain SYTO RNASelect. We then cultured the labeled EVs for 6 hours with nonsenescent chondrocytes and confirmed EV internalization ( Figure 1C ). We then cultured nonsenescent chondrocytes with enriched EVs secreted by the low, medium, or high SnC populations or control EVs from nonsenescent chondrocytes for 6 days. Nonsenescent chondrocytes exposed to enriched EVs secreted by SnCs developed more senescence and reduced proteoglycan production in a dose-responsive manner ( Figure 1D ). These findings suggest that senescent chondrocyte EVs can induce bystander senescence, spreading senescent characteristics to neighboring cells, and, moreover, contribute to the decline in chondrocyte matrix production. ) derived from conditioned medium (CM) from high, medium, or low SnC populations to measure the induction of senescence and proteoglycan levels (left). Scale bar: 100 μm. Quantification of the percentage of SA-β-Gal-positive cells (n = 3 for NS; n = 8 for low and medium; n = 15 for high) and Safranin-O-stained areas (n = 6 for NS; n = 8 for low, medium, and high) (right). (E) The expression of selected miRs (hsa-miR-140-3p, -34a-5p, -128a-3p, and -146a-5p) in EVs collected from CM of senescent and nonsenescent chondrocytes, detected by RT-qPCR (n = 3 per group). All data are expressed as mean ± SEM. Statistics in B, D, and E were performed using 1-way ANOVA and Tukey's multiple-comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001.
To identify EV components that may mediate the bystander effect and reduced cartilage production, we investigated extracellular miRs associated with senescence and OA. EVs from highly enriched senescent chondrocyte populations contained less human miR-140-3p (hsa-miR-140-3p) and more hsa-miR-34a-5p compared with nonsenescent chondrocyte EVs ( Figure 1E ). Changes in miR-140 are known to be associated with chondrocyte dysfunction and OA development (24) . Low miR-140 expression impairs cartilage homeostasis, and miR-140 is regulated by SOX9, a cartilage master regulator transcription factor that promotes cartilage development and ECM production during development and repair (24, 25) . miR-34a and miR-128a are associated with cellular senescence and target the CDKN1A and CDKN2A pathways, respectively (26) . These data suggest that hsa-miR-34a and -140 in senescent chondrocyte-derived EVs contribute to human OA development and cartilage loss.
SnC removal decreases the secretion of EVs from human OA chondrocytes. We previously demonstrated the ability of a senolytic small molecule (UBX0101) to clear SnCs in cultures of human OA chondrocytes. We therefore evaluated EV production after treating senescent OA chondrocytes with this molecule. Exposure to UBX0101 (43 μM) did not change EV size (Figure 2A) . The mean size of EVs secreted by human OA , and 6 days after incubation with veh or 43 μM UBX0101, measured by nanoparticle tracking analysis (n = 3 per data point). The experiment was performed 2 independent times. Data are shown as mean ± SEM. Statistical analysis was performed using 2-tailed t tests (unpaired). **P < 0.01, ***P < 0.001. (D) Heatmap and hierarchical clustering depicting statistically significant (P < 0.1 by t test) differentially expressed miRs. Synovial fluid was obtained from normal (Nor) individuals (age 77.3 ± 6.8 years; n = 3) and OA patients (age 64.5 ± 2.1 years; n = 2). PC, predicted candidate. chondrocytes 1, 2, 4, and 6 days after incubation with vehicle or UBX0101, measured by NTA, was similar ( Figure 2B ). However, treatment with the senolytic for 2 days significantly reduced the number of secreted EVs at all time points evaluated ( Figure 2C) .
EVs from synovial fluid of aged normal and arthritic articular joints have different miR expression patterns. To determine whether EVs were also present in human disease, we isolated and evaluated EVs from synovial fluid from normal and OA patients at relatively advanced ages (70-80 years), when both groups are likely to harbor SnCs from aging and potentially previous trauma. The OA donors had clinical evidence of OA based on pain that led to total joint arthroplasty. EV size and concentration in synovial fluid from both OA and normal donors were similar. Sequencing identified a large number of known and potentially novel miRs that were differentially present in EVs isolated from OA patients compared with healthy controls (Supplemental Figure  3 , A and B, and Supplemental Table 1 ). Twenty-two miRs were significantly upregulated or downregulated in OA synovial EV enrichments ( Figure 2D and Table 1 ). Of the differentially expressed miRs, only 4 known miRs (hsa-miR-27b-3p, miR-199a-5p, miR-185-5p, and miR-23b-3p) exhibited changes in read counts when synovial EVs from OA patients were compared with those of normal patients. The predicted target genes for these differentially expressed EV-associated miRs and their biological function are shown in Supplemental Figure 3 , C and D. It has been previously reported that pathways for mucin-type O-glycan biosynthesis and proteoglycans in cancer play important roles in the pathogenesis of OA (27) . These data suggest that synovial fluid EV-derived miRs are significantly altered in OA compared with age-relate degeneration and can be used as potential biomarkers for OA diagnosis. Diseased human chondrocyte EVs changed with senolytic treatment that was previously demonstrated to increase cartilage production. The EVs isolated from synovial fluid were different than the cell-derived EVs. The content of the EVs produced by chondrocytes did not appear to overlap with EVs found in the synovial fluid, suggesting that EV production from cells may change with culture or EVs are produced by multiple different cell types in the articular joint, such as cells in the synovium. Of the differentially present miRs (previously reported miR sequences and annotation) between normal and OA patients, only 4 (hsa-miR-27b-3p, -199a-5p, -185-5p, and -23b-3p) exhibited a significant progressive increase or decrease in read counts across the two groups. P values were calculated by t test to the normalized read counts.
Specific EV-associated miRs in synovial fluid correlate with response to senolytic therapy in a murine posttraumatic OA model. We previously demonstrated that SnCs develop after PTOA created by anterior cruciate ligament transection (ACLT) and that their selective elimination reduced inflammation and pain in young and aged mice (4). Furthermore, in young mice, new cartilage formed on the articular surface after ACLT and senolytic treatment (Supplemental Figure 4A) . We hypothesized that differences in the content of EV-associated miR and protein in joint fluids might correlate with OA and varying response to senolytics.
To determine whether EVs are present in the joint space after trauma, we isolated EVs from synovial fluid of mice after PTOA and examined the presence of common EV markers by mass spectrometry and FunRich analysis (28, 29) . Comparison of the total proteins found in synovial EVs isolated from young and aged OA mice treated with vehicle or UBX0101 against records in Vesiclepedia revealed that there was robust enrichment for proteins annotated as EV associated (Supplemental Figures 4 and 5 and (A) Quantification of miR-34a-5p, miR-128a-3p, and miR-146a-5p in young and aged PTOA mice treated with vehicle (veh) or the senolytic UBX0101, which can mediate senescence and the SASP, 28 days after ACLT surgery. All data are expressed as mean ± SEM, and each data point represents an individual mouse. One-way ANOVA with Tukey's multiple-comparisons test was used for statistical analysis (young, n = 4; aged, n = 5). *P < 0.05. (B) Workflow of analysis of EVs from the synovial fluid of PTOA mice treated with veh or UBX0101. (C and D) Plots illustrating the fold change (UBX0101/veh; x axis) and significance level expressed as the log P value (y axis). The blue circles represent miRs that were upregulated and red circles represent miRs that were downregulated by UBX0101 compared with veh-treated PTOA young (C) and aged (D) mice (n = 3 per group). Significance was determined based on a P value cutoff of 0.05. (E) The heatmap reveals significant correlations among mmu-miR-30c-5p, -92a-3p, -24-3p, -186-5p, -125a-5p, and -150-5p, expression of which was significantly altered by UBX0101 treatment in young PTOA mice and the signaling pathways in which they are predicted by the DIANA-miRPath (v3.0) to participate.
Supplemental Tables 2 and 3) . We found that miR-34a, miR-146a, and miR-128a were more abundant in EVs enriched from the synovial fluid of young PTOA mice compared with no surgery controls. This miR profile is similar to that of EVs produced by human OA chondrocytes ( Figure 3A ). Clearance of SnCs by senolytic treatment significantly decreased miR-34a in synovial EVs from young OA joints. No differences in miR-34a, -146a, and -128a expression were observed in aged OA animals with or without SnCs removal; however, since these animals have SnCs before injury, accumulation of extracellular miRs may have masked any treatment-related differences.
To investigate potentially novel EV-associated miRs and proteins in young and old animals with PTOA treated with senolytic, we performed miR array and proteomic analyses on synovial fluid-derived EVs. The workflow for isolating and characterizing these EVs and the effects of senolytic treatment is illustrated in Figure 3B . Briefly, C57BL mice underwent ACLT of one rear limb to induce OA and were injected intra-articularly every other day with vehicle or UBX0101 (10 μl of a 1 mM solution) for 2 weeks starting 14 days after surgery. We collected synovial fluid on day 28 after surgery. EV enrichments were isolated through differential ultracentrifugation (30), followed by protein and RNA extraction for proteomics and miR analyses.
To identify EV-associated miRs, we performed TaqMan mouse miR Low-Density Array analysis. Several miRs showed distinct profiles when we compared young mice treated with drug with vehicle-treated controls. Levels of mouse miR-92a-3p (mmu-miR-92a-3p), -186-5p, and -150-5p increased after senolytic treatment, while mmu-miR-30c-5p, -24-3p, and -125a-5p decreased ( Figure 3 , C and D). In aged animals, only mmu-miR-223-3p levels decreased significantly in synovial EVs after drug treatment. These findings suggest that the levels of miR-30c, -24, -125a, -92a, -150, -186, and -223 in synovial fluid-derived EVs correlate with senolytic response in mice.
We next examined the target genes of the EV-derived miRs that are differentially expressed depending on the presence of SnCs. We applied the prediction algorithm DNA Intelligent Analysis (DIANA; DIANAmicroT-CDS v5.0; ref. 31 ) to investigate the function of the extracellular miRs that are targets of the miRs. The analyses found that the increase in miR-92a-3p, -150-5p, and -186-5p combined with a decrease in miR-30c, -24, and -125a in the synovial EVs after senolytic treatment in young mice were enriched for target genes within pathways related to cartilage matrix formation ( Figure 3E and Supplemental Figure 6 ). In contrast to that in young mice, analysis of EVs from aged mice identified only a decline in miR-223-3p after senolytic treatment. This miR participates in mucin-type O-glycan biosynthesis (Supplemental Table  4 ). These findings suggest that the miRs are differentially expressed in young and aged mice after UBX0101 treatment. These age-specific miRs identified target genes and signaling pathways that might explain the reduced cartilage regeneration observed in the older animals (4) .
Synovial fluid EVs from young OA mice treated with UBX0101 contain proteins associated with cartilage growth and cartilage protease inhibitors. To relate EV miRs and their predicted pathways to protein expression, we performed label-free quantitative (LFQ) proteomics and ingenuity pathway analysis (IPA) on synovial fluid-derived EVs isolated from young and aged mice after injury and standard senolytic treatment. The analysis identified 59 proteins that were differentially expressed between young OA mouse joints with and without the senolytic. Specifically, Serpina 1 and Serpina 3 -subtypes of serine protease inhibitors that regulate proteases involved in the cartilage degradation (32) -were increased in young PTOA joints after senolytic treatment. In addition, SnC removal decreased the level of Prss2 -a protease, serine 2 that degrades type II collagen-rich cartilage ECM ( Figure 4A ). In addition, synovial EVs from treated young mice contained increased levels of aggrecan, one of the major ECM components in cartilage. Overall, the top 5 molecular networks predicted by the IPA analysis were (a) metabolic disease and molecular transport; (b) energy production, nucleic acid metabolism, and small-molecule biochemistry; (c) immunological and inflammatory disease; (d) cellular movement, organismal injury and abnormalities, and tissue morphology; and (5) cell-to-cell signaling and interaction (Table 2) .
To categorize the altered synovial EV-associated proteins after SnC clearance, we applied Gene Ontology analysis (Figure 4 , B-D). As expected, the functions were predominantly in the ECM, protease inhibitor, and transporter categories ( Figure 4C ). The disease/functional analysis component of differentially expressed synovial EV-derived proteins in young OA mouse joints after SnC elimination showed increased development of body trunk, implicating cartilage growth ( Figure 4D ).
Senolytic treatment in aged mice induced primarily immunological changes in EV proteins, and age-related synovial EVs can transfer arthritic disease to young animals.
Synovial EVs from aged animals treated with only one round of senolytic therapy did not contain increased levels of cartilage ECM-related proteins, Serpins, or decreased serine proteases ( Figure 5A ). Gene Ontology analysis indicated that there were no significant changes in synovial EV-associated proteins after SnC clearance in aged animals ( Figure 5 , B and C). Most of the component changes after senolysis in aged animals were enriched in immunological responses, including the response of myeloid and phagocytic cells ( Figure 5D ). The top 5 molecular networks predicted by IPA were (a) cancer, cell death and survival, organismal injury, and abnormalities; (b) cellular assembly and organization, cell-to-cell signaling, and interaction; (c) cellular assembly and organization, cellular function and maintenance, cellular compromise, (d) cancer, hematological disease, immunological disease; and (e) humoral immune and inflammatory response (Table 3) . These results are consistent with the in vivo observation of senolytic treatment reducing degeneration and pain in aged mice after traumatic injury. It also highlights the important of the immune system in disease and senolytic treatment in aged animals. Further studies on dosing and delivery of senolytics in aged mice exposed to articular trauma are needed.
Even without significant trauma, aging contributes broadly to the development of chronic diseases such as OA. Aged mice experience cartilage degeneration and a more severe degenerative response after traumatic injury in the joint. To determine whether EVs from an aged animal can transfer and induce disease, we isolated EVs from the synovial fluid of aged mice and injected them into the articular space of young mice. Young mice that received the aged EVs developed marked cartilage degeneration after 84 days, as demonstrated by decreased Safranin-O staining for proteoglycans. The animals also exhibited increased pain, as demonstrated by decreased weight bearing on the EV-injected leg between days 56 and 84 compared with control animals injected with saline (Supplemental Figure 7) . This work demonstrates the physiological and pathologic functions of senescence-associated synovial EVs and their ability to transfer a specific age-related disease to young animals.
Discussion
Multiple miRs in synovial fluids relevant to OA progression were differentially expressed, including miR27b, -199a, -185, and -23b. These miRs have been suggested to play a role in bone sclerosis along with catabolic and inflammatory response (27, (33) (34) (35) (36) , pathways that are relevant in OA disease and diagnosis. The effect of SnC clearance on the synovial EV contents was defined in a murine model of PTOA. Differential expression of miR-34a after senolytic treatment occurred in both murine synovial EVs and human EVs from senescent chondrocytes. Therefore, expression of this miR may be used to evaluate disease progression and response to drugs that target SnCs. Further studies are needed to validate this observation, since there were low numbers of clinical samples due to limitations in collection of clinical OA samples.
Any disturbance of joint homeostasis is reflected in the levels of soluble factors (such as cytokines, enzymes, and growth factors) in the synovial fluid and possibly also in the number and content of EVs. Recent evidence suggests that synovial fluid-derived EV miRs vary with sex and disease state (27) . miRs we found showing differential expression in OA (miR-27b, miR-199a, miR-185) were previously reported to contribute to OA progression by causing abnormal subchondral bone development, chondrogenesis, and catabolic and inflammatory gene expression (27, (33) (34) (35) (36) . Our studies revealed the presence of these OA-specific miRs in EVs, along with other unique miRs (e.g., hsa-miR-151a-3p_R+1, hsa-miR-652-3p_ R+1, hsa-miR-4450-p3-1ss12TG, hsa-miR-3665-p5_1ss2CA, has-miR-4488_L+1R-4, and hsa-miR1262-p5-1ss11GC). We speculate that synovial EV-derived miRs contribute to dysregulated cartilage homeostasis and initiation/amplification of inflammation. miR expression profiling in human synovial fluid-derived EVs could provide a disease fingerprint. But future studies need to further examine EV profile differences at different timings and stages during the diseases process on a larger clinical study. The highest-scoring network, which comprises 21 proteins in the list, revealed significant changes in metabolic disease and molecular transport. In addition, other networks revealed changes in energy production, nucleic acid metabolism, and small-molecule biochemistry; immunological and inflammatory disease; cellular movement, organismal injury and abnormalities, and tissue morphology; and cell-to-cell signaling and interaction. The fold changes ( A upregulated and B downregulated) are calculated from the UBX0101/veh-treated ratios using label-free relative quantification (LFQ) analysis.
Transfer of age-related pathologies (or conversely the more popular transfer of youthfulness to aged animals) has been demonstrated using a number of modalities. Parabiosis studies that demonstrated the improvement of age-related pathology by introducing young factors, also found that exposure to the aged environment had a negative effect on the young animals. In a specific example of senescence transfer, transplantation of SnCs or human aged adipose tissue to young animals produced deleterious effects (37, 38) . Our data show that EVs secreted from senescent chondrocytes isolated from human arthritic patients can transfer features of senescence to nonsenescent (from healthy donor) chondrocytes and suppress cartilage tissue formation. The increased secretion of EVs from highly enriched senescent chondrocyte populations -and especially their miR-34a cargo -can also provoke senescence in a paracrine manner (39) . The phenotypic changes may correlate with the cellular senescence response during OA progression that also affects EV secretion, partially through p53 and one of its targets (17, 40, 41) . miR-140 is one of the few miRs that is highly expressed in nonsenescent chondrocytes (42) , and its expression is lower in human OA cartilage as well as in IL-1B-induced inflammation in articular cartilage (24, 43) . To validate physiological relevance and age-related pathology transference to young animals, SnC-associated EVs alone were able to induce symptoms of OA (pain) and induced tissue degeneration in the young joint.
There is mounting evidence that the immune system plays a role in the development of PTOA (44). The cellular sources of miRs that we found to be differentially expressed in synovial EVs after senolytic To gain a further insight into the potential mechanisms by which SnCs regulate OA development by UBX0101 treatment in aged mouse joints, the identified proteins were mapped to networks available in the Ingenuity database. Seventeen networks were identified and ranked by the score in the P value calculation of IPA; scores ranged from 14 to 66. The highest-scoring network indicated a significant link with cancer, cell death and survival, organismal injury, and abnormalities. The scores take into account the number of focus proteins and the size of the network to approximate the relevance of the network to the original list of proteins. therapy have been defined previously (45) . For example, miR-223 is significantly enriched in neutrophils and monocytes while miR-150 and -125 are exclusively expressed by lymphocytes. This suggests that clearance of SnCs modulates the response, recruitment, and activation of cells from the myeloid and lymphoid lineage. Just as the human chondrocyte EV production did not fully overlap with the EVs found in synovial fluid, these results provide evidence of other cell types that may be contributing to the EV population found in the synovial fluid. Future studies need to address the possibility of identifying the cellular origin of EVs and tissue-specific EV profiles in order to elucidate detailed mechanistic roles of EVs in the OA diseases. The findings also support the relevance of the immune system in PTOA, which when combined with age-related immune changes, may affect senolytic therapy design.
Methods
Cell isolation and culture. Explanted OA articular cartilage and synovial fluid from human patients undergoing total knee arthroplasty were received from the National Disease Resource Institution (Philadelphia, Pennsylvania, USA). The cartilage tissue was cut into 1-mm 3 pieces, washed 3 times with PBS supplemented with 100 U/ml penicillin and 100 μg/ml streptomycin (Pen/Strep; Invitrogen, catalog 15140-122), and digested on a shaker for 16 hours at 37°C with 0.17% (w/v) type II collagenase (Worthington Biochemical, catalog 4176) in high-glucose DMEM (Gibco, catalog 11965-092) with 10% FBS (Hyclone, catalog SH30070.03). After the digestion, the filtrate was passed through a 70-μm strainer and cells were rinsed 3 times with growth media containing DMEM supplemented with 1% Pen/Strep and 10% FBS. For culture experiments in which EVs derived from SnCs were exposed to healthy chondrocytes, healthy chondrocytes were cultured with EVs (8 × 10 8 ) in growth medium that was precentrifuged at 100,000 rcf for 20 hours to remove FBS-associated EVs for 6 days.
Sorting senescent chondrocytes by flow cytometry. Human primary osteoarthritic chondrocytes were trypsinized, collected in the chondrocyte growth medium, and immediately used for sorting in a FACSAria IIu Sorter (BD Biosciences). Signals were analyzed using FACS Diva Version 6.1.3 software. There are currently no known markers of SnCs for live sort; therefore, the sort was based on examining the enlarged size and accumulated autofluorescence of the age pigment lipofuscin in SnCs (20, 46) . SnCs were sorted based upon size in FL1 and autofluorescence (488 nm) by FSC as previously described (31) . The FSC/SSC dot plot of autofluorescence versus size was then generated and used to arbitrarily set up gates to sort the chondrocytes into 3 groups to generate populations with different proportions of SnCs. Live cells were sorted in buffer composed of PBS with 1% FBS and collected in buffer composed of chondrocyte medium with 2× Pen/Strep. We sorted populations containing high-(65%), medium-(45%), and low-senescent (20%) chondrocytes using the upper 5.9%, middle 10.8%, and lower 9.9% quartiles, respectively, with respect to both FSC-A and FITC-A, which was confirmed by SA-β-Gal assay (Supplemental Figure 1) . We collected sorted populations of SnCs in chondrocyte growth medium and used these for coculture experiments.
Coculture of senescent chondrocytes with healthy chondrocytes. A 24-well Corning Transwell plate with 6.5-mm inserts (MilliporeSigma, catalog 3470) was used for coculture experiments. Transwell inserts (0.4-μm pore size) containing varying concentrations of senescent chondrocytes at a cell density of 20,000/insert were fitted into the 24-well containing primary nonsenescent chondrocytes at a cell density of 20,000/ well. The coculture was incubated at 37°C and 5% CO 2 in chondrocyte growth medium for 7 days; control cultures contained only nonsenescent chondrocytes. For SnC-conditioned media, high-(65%), medium-(45%), and low-senescent (20%) chondrocytes were plated in a 24-well culture plate at a cell density of 20,000/well and collected the conditioned media after 7 days of culture. After centrifugation (300 g for 10 minutes at 4°C), we aliquoted the conditioned medium, which was stored at -80°C. Nonsenescent chondrocytes at a density of 20,000/well were cultured in the conditioned medium for 7 days. The conditioned medium was changed on alternate days.
Cytokine antibody array assay. Cytokines in conditioned media were assessed using the human cytokine array kit (R&D Systems, catalog ARY005) according to the manufacture's instructions. Briefly, conditioned media were prepared by washing approximately 0.2 × 10 5 cells once with PBS and incubating them in serumfree medium for 24 hours. The conditioned media were collected in 1.5-ml centrifuge tubes and clarified by centrifugation. The array membrane was incubated with 1.5 ml of 3-fold diluted conditioned media overnight at 4°C, washed, and incubated with biotin-conjugated antibody cocktail, washed, and then incubated with streptavidin-HRP conjugate. Cytokines were detected by Chemi reagent mix. The signals were developed on x-ray film and quantified relative to the average signal (pixel density) of a pair of duplicate spots representing each cytokine by ImageJ software (NIH). The experiments were performed in duplicate.
SA-β-Gal staining. SA-β-Gal staining was done using a kit (BioVision Senescence Detection Kit, catalog K320-250) according to the manufacturer's instructions. SnCs were identified as blue-stained cells under light microscopy. Total cells were counted using a nuclear DAPI counterstain in 10 random fields per culture dish to determine the percentage of SA-β-Gal-positive cells.
Surgically induced OA mouse model. ACLT surgery was performed on 10-week-old or 19-month-old male C57BL/6 mice from Charles River. Mice were placed under general anesthesia with 3% isoflurane, and the hind limbs shaved and prepared for aseptic surgery. The knee joint was exposed following a medial capsular incision, and the ACL was transected with microscissors under a surgical microscope. After irrigation with saline to remove tissue debris, the skin incision was closed.
EV enrichment by ultracentrifugation. EVs were isolated by differential ultracentrifugation according to established methods shown in Supplemental Figure 2A (30, 47) . The 10,000 g step from that protocol was skipped because we did not see a need to focus on any particular class of EV in this initial study and thus did not try to deplete microvesicle-sized particles. For isolation of EVs from in vitro cultured cells, conditioned medium was collected and centrifuged at 2,000 rcf for 20 minutes at 4°C to remove cells and cell debris; the supernatant containing EVs was then centrifuged at 100,000 rcf for 70 minutes at 4°C. The EV pellet was suspended in PBS and centrifuged at 100,000 rcf again to eliminate contaminant proteins and nucleic acids. The pellet was then resuspended in PBS and store at -80°C until use. Isolation of EVs from synovial fluid was performed similarly, but synovial fluid was first diluted 1:4 with PBS prior to differential centrifugation.
EV characterization via NTA and transmission electron microscopy. EVs isolated and resuspended in PBS were analyzed for size and concentration via NTA using a NanoSight NS300 (Malvern Panalytical) equipped with a 532-nm laser, low-volume flow-cell, syringe pump, and concentration upgrade. Thawed EV samples were further diluted in PBS to yield concentrations of between 20 and 100 particles/frame on NanoSight, and three 60-second videos were acquired per sample using the same camera settings and NTA 3.1 or 3.2 software. For transmission electron microscopy, EVs were incubated overnight on carbon film 400 square mesh transmission electron microscopy grids. Grids were briefly dipped in a droplet of ultrapure water, wicked dry, vacuum dried, and imaged on a Philips CM120 (Philips Research).
Protein extraction from synovial fluid-derived EVs from young and aged OA joints. The final EV pellets were resuspended in 100 μl solubilization buffer (7 M urea, 2 M thiourea, in 30 mM Tris, pH 8.0). Aliquots from the solubilized EV extractions were used to determine the total protein concentration using the BCA method (Thermo Scientific). miR qPCR array. miR was harvested from EVs of conditioned media and synovial fluids of OA mouse joints using the miRCURY RNA isolation kit for biofluids (Exiqon, catalog 300112). A TaqMan low-density microR-NA array A (TLDA; Thermo Fisher Scientific, catalog 4398967) was used for 375 miRs targets and for 6 common miRs as controls. Reverse transcription (TaqMan, PN 4366596), preamplification (TaqMan, PN 4391128), and TLDA card processing were done using manufacturer's protocol. Data were extracted and processed as previously described (48) . Normalization was performed to the geometric mean of 26 miRs detected in all samples.
In-solution trypsin/LysC/Glu-C digestion of EVs proteomes. For proteomic analysis of proteins extracted from the EVs purified from synovial fluid from young and old OA joints of mice subjected to ACLT surgery, with or without UBX0101 treatment, equal aliquots (0.5-1 μg) were subjected to the in-solution reduction with 100 mM dithiothreitol for 50 minutes at 55°C followed by alkylation with 550 mM iodoacetamide for 1 hour at room temperature in the dark. The samples were further subjected to digestion for 18 hours at 37°C with endoproteinase Lys-C (sequencing grade, Promega) (1:50, protein/enzyme ratio) in 50 mM ammonium bicarbonate buffer, pH 8.5. Then, tryptic digestion was performed for 3 hours at 37°C, in 50 mM ammonium bicarbonate buffer, at pH 8.5 (1:50, protein/enzyme ratio). Finally, Glu-C was added (1:10, Glu-C/protein ratio) in ammonium 50 mM bicarbonate buffer (pH 7.5) at 37°C for 10 hours. Total peptides, extracted from all enzymatic digestions, were combined, desalted on C18 Prep clean columns, and further subjected to nanoLC/ESI/MS/MS on a Q Exactive HF quadrupole orbitrap mass spectrometer.
NanoLC-ESI-MS/MS analysis of peptides generated from the digestion with LysC/trypsin/Glu-C enzymes. Each sample digest was analyzed by nano LC/MS/MS (liquid chromatography/mass spectrometry). For LFQ analysis, technical replicates (2 × 1μg) from each digested sample and corresponding EVs were analyzed on a Q Exactive HF quadrupole orbitrap mass spectrometer (Thermo Fisher Scientific) coupled to an Easy nLC 1000 UHPLC (Thermo Fisher Scientific) through a nanoelectrospray ion source. The mass spectrometer was operated in the positive ion mode and data-dependent acquisition mode. The full MS scans were obtained with a m/z range of 300-1600 and a mass resolution of 120,000 at m/z 200. Higher-energy collision-induced dissociation was performed on the 15 most significant peaks, and tandem mass spectra were acquired at a mass resolution of 30,000 at m/z 200 and a target value of 1.00 × 10 5 with a maximum injection time of 100 ms.
Protein identification and label-free relative peptide quantification (LFQ analysis).
Raw files from each technical and biological replicate were filtered, de novo sequenced, and assigned with protein ID using PEAKS 7.0, 7.5, and 8.0 software (Bioinformatics Solutions) by searching against the mouse (Mus musculus) SwissProt database (82,628 entries). The following search parameters were applied for LFQ analysis: trypsin, Lys-C, and GluC restriction for enzymes, with the allowance of one missing cleaved enzyme at one peptide end. The parent mass tolerance was set to 15-18 ppm using monoisotopic mass, and fragment ion mass tolerance was set to 0.05 Da. Carbamidomethyl cysteine (+57.0215 on C) was specified in PEAKS as a fixed modification. Methionine, lysine, proline, arginine, cysteine, and asparagine oxidations (+15.99 on CKMNPR) and deamidation of asparagine and glutamine (NQ-0.98) and pyro-Glu from glutamine (Q-18.01 N-term) were set as variable modifications. Data were validated using the FDR built into PEAKS 7.0-8.0, and protein identification was accepted at a confidence score (-10logP) > 15 for peptides and (-10logP) > 15 for proteins; a minimum of 1 peptide per protein after data was filtered for an FDR of less than 1.0% for peptides and less than 1.5% FDR for protein identifications (P < 0.05). LFQ analysis followed by quantitative IPA were performed as described previously (49) .
Gene ontology, pathway enrichment, and protein analysis of proteomics data. Networks, functional analyses, and biochemical and cellular pathways were generated by employing IPA (Ingenuity Systems). Specifically, experimentally determined protein ratios were used to calculate the fold changes by rescaling values using a log 2 transformation, such that positive values reflected fold increases while negative values reflected fold decreases. For network generation, data sets containing gene identifiers (symbols) were uploaded into the IPA application together with their rescaled log 2 transformation ratios. For all quantitative IPA, we used data sets that represent >2-fold expressed proteins across all analyzed samples. These molecules were overlaid onto a global molecular network in the Ingenuity Knowledge Base. The networks were then algorithmically generated based on their connectivity index using the IPA algorithm. The probability of having a relationship between each IPA-indexed function and the experimentally determined genes was calculated by a right-tailed Fisher's exact test. The level of significance was set to P < 0.05. Accordingly, IPA identified the molecular and cellular pathways from the library of established biochemical pathways that were most significant to the data set (-log [P value] > 2.0). miR target selection and validation. To identify molecular pathways potentially altered by multiple miRs, we used DIANA-mirPath (v 3.0) (http://diana.imis.athena-innovation.gr/DianaTools/index.php), which performs an enrichment analysis of multiple miR target genes, comparing each set of miR targets to all known Kyoto encyclopedia of genes and genomes pathways.
Library prep and miR sequencing. Sequencing was performed on the Illumina HiSeq 2500 platform in the 50 cycle SE configuration. In brief, single-end sequencing reads were cleaned with quality filter, adapter cutter, and length filter, using ACGT101_miR_v4.2g from LC Sciences. Considering that extremely low abundance might lead to false results, the known and new candidate miRs with less than 10 raw reads in the libraries were removed from the analysis. The cleaned reads were mapped to miRBase (miRBase v21) using Bowtie v1.1.1. The unmapped reads were mapped to multiple databases, including mRNA, Rfam11, and genomic DNA, using Bowtie v1.1.1. miR candidates we believe to be novel were identified from genome mapped reads based on the propensity of hairpin formation in corresponding genome positions using ACGT101_miR_v4.2g from LC Sciences. Data were normalized by dividing the sequence counts of individual samples by the corresponding normalization factors, which are the median values of the ratios between specific sample counts and geometric mean counts of all samples. The sequencing data presented in this study were submitted to the Gene Expression Omnibus (GSE126677).
Labeling EVs with a lipophilic and near-infrared fluorescent cyanine dye. A 199-μl stock solution of DiR (Xenolight DiR, MW 1013.4, 25 mg, PerkinElmer, catalog 125964) was prepared by dissolving 25 mg in 3 ml 200 proof ethanol (~8.2 mM) and then diluting it in PBS to make a working solution of 320 μg/ml (0.31 mM). EVs from mouse synovial fluids were incubated with 320 μg/ml DiR at 37°C for 30 minutes. The EVs were then washed with 750 μl PBS and subjected to ultracentrifugation for 1 hour at 100,000 rcf. EVs were resuspend in 35 μl of 150 mM PBS. In vivo fluorescence imaging using the IVIS system was performed using 710 nm excitation and 760 nm emission at 10 minutes, 1 hour, 7 days, and 14 days after injecting DiR labeled EVs under the same imaging conditions.
Weight bearing. Static incapacitance measurements were performed using an Incapacitance Tester (Columbus Instruments). Mice were first acclimated to the chamber at least 3 times before measurement. After acclimatization, mice were maneuvered inside the chamber such that they stood with 1 paw on each scale. Weight placed on each hind limb was measured over a 3-second interval for at least 3 separate measurements. Results are expressed as a percentage of weight placed on the operated limb versus contralateral control limb. The observer was blinded to the genotype and treatment of the mice.
Histology. The mouse joints were fixed in 4% paraformaldehyde overnight, dehydrated in increasing concentrations of ethanol, and embedded in paraffin. Five-micrometer-thick sections were cut from the paraffin block and collected onto glass slides. The sections were stained for proteoglycans with aqueous Safranin-O (0.1%) for 5 minutes, and then specimens were mounted.
Statistics. Data are expressed as mean ± SEM. All analyses were performed using Prism 8 (GraphPad software). Statistical tests used to calculate P values for each figure are indicated in the figure legends. Oneway ANOVA and Tukey's multiple-comparisons test were used for statistical analysis in Figures 1 and 3 . Twotailed t tests (unpaired) were performed for statistical analysis in Figure 2 . A right-tailed Fisher's exact test was performed to define statistical significance of functional analyses and biochemical and cellular pathways for proteomic studies in Figures 4 and 5. P < 0.05 was considered statistically significant (except P < 0.1 for differentially expressed miRs in synovial EVs between normal and OA patients in Figure 2D and Table 1) .
Study approval. All animal studies were performed with approval of and in accordance with the guidelines established by the Institutional Animal Care and Use Committee at Johns Hopkins University School of Medicine. Human cartilage and synovial fluid samples were received from the National Disease Resource Institution according to an IRB-approved protocol.
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